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EXPERIMENTAL VERIFICATION OF THEODORSEN'S -
THEORETICAL JET-BOUNDARY CORRECTION FACTORS

By George Van Schliesgtett
SUMMARY

Prandtl's suggested use of a doudbly infinite arrange-
ment of airfoll images in_the theoretical determination
of wind-tunnel jet-boundary corrections was first adapted
oy Glauert to the case of closed rectangular Jjets. HMHore
recently, Theodorsen, using the same image arrangement but
a different analytical treatment, has extended this work
to include not only closed but also partly closed and open
tunaels.

This report presents the results of wind-tunnel tests
conducted at the Georgia School of Technology for the pur-
pose of verifylng the five cases analyzed by Theodorsen.
The tests were conducted in a square tundel and the re-
sults constitute a satisfactory verification of his gener-
al method of analysis. During the preparation of the datae
two minor errors were discovered in the theory and these
have been rectified.

INTRODUCTION

The primary study of wind-tunnel wall interferencs
for circular tunnels was carried out by Prandtl at GOttt in-
gen University in 1919 In h;s Paper "Applications of Mod-

c (reference 1) he points
out that owing to the limited cross-sectional area of the
wind-tunnel air stream, the deflection of the air behind
a model 1lifting surface is larger or smaller than it would
be in free air depending on whether the boundary is open
or closed, respectively. To account for this deflection,
or downwash, Prandtl demonstrated that it was possible to
reproduce theoretically the Jjet—-boundary condition at the
test section with the airfoil model in place. To accom~ _
plish this result he assumed that the tip vortices of “the

finite airfoll model were equivalent to a doublet at the
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center of the test section, this assumption beling Jjustl-
fied for span~tunnel width ratiocs up to 75 percent. Then,
to reproduce the circular Jjet-boundary condition he intro-
duced two imaginary vortices ig. 1) external to the Jjet
and in the plane of the airfoil doublet, symmetrically
spaced at such a distance from the Jjet center and having
such a strength as to provide the appropriate boundary
condition, For the open jet, the boundary condition is
that of zero normal pressure and for the closed Jjet, zero
normal velocity. The problem is resclved into determining
the velocity at the center of the tunnel induced by the
imaglnary vortices. TFor the closed tunnel this velocity
was found to bs: :

Cy, SV
w o= ==
s8R
dence the upward inclination of the air stream due to the _
interference of the boundary is . a
- % _ L 5
€L =y=g¢ .
where C ='m R®, R’ being the radius 6f the jet. Thus
the corrections take the form
-8 2
Aa =8 o °L
AGp = & % 02

in which the correction factors are
§ = 0.125 for the closed circular tunnel.
§ =-0.125 for the open circular tunnel.

Prandtl also suggested at this time tlat for a jet of
rectangular cross section "the calculation would have to
be made in such a manner that the airfoill was mirrored at
all the walls an infinite number of times, like a checker~
board." Working along these lines in 1923, E. Glauert, of
Trinity College, Cambridge, contributed his developmsent of
the theory for the interference of closed rectangular tun-
nels (reference 2). _ e
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In 1931, Theodorsen of the National Advisory Committes
for Aeronautics published the results of an analysis of
rectangula¥-jet corrections covering not only the open and
closed cases but also certain forms of partly open and
closed jets (fig. 2 and reference 3). His method of summa-
tion of the induced velocities differed from that used by
GFlaunert but his numerical results for the closed tunnel
were the same. ' S

Glauert in 1932 presented an interpretation (refer-
ence 4) of the more accurate formulas developed by Rosen-—
head in 1930 (reference 5) but confined his discussion to
the square and "duplex" closed tunnels, and shortly there-
after published a general theorem on the subject (reference
6). which was as follows: "The interference on very small
aerofoils in an open tunnel of any shape ig of the same _
magritude but opposite in sign as that on the same asero-
foll, rotated through a right angle, in a closed tunnel of
the same shape."

Early in 1933 Theodorsen presented a study (reference
7) which took into consideration the actual span of the
airfoll for the case of the open rectangular jet. A month
later a paper by Rosenhead (reference 8), communicated by
Glauert, appeared, in which Theodorsen'!s first monograph
(reference 3) was discussed and a different treatment of
the subject was presented. Rosenhead's result for Case IV,
i.e., vertical boundaries only, disagreed with that of _
Theodorsen. In this paper Rosenhead qguotes a still more
general theorem by Glaunert to the effect that "The inter-
ference on a very small merofoil in a tunnel, whose bound-
aries are partly rigid walls and partly free surfates, 1is
of the same magnitude hut opposite in sign, as that on the
same aserofoll rotated through a right angle in a tunnel of
the same shape as the previous one but where rigid walls
replace frée surfaces, and free surfaces replace rigid
walls." )

The present report_covers exclusively* the results of
airfoil tests made in a sguare Jjet with all five of Theo-
dorsen's boundary conditions reproduced for the purpose of
verifying his original theoretical analysis in so far as
this could be donse using a Jjet of only one shape. The
five Jet boundaries were as follows: -

*An experimental investigation on a muéh broader scale has
meanwhile been carried on at Langley Field and the results
have been published. (See reference 9.)
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Case I - Closed tunnel.

_Cése* II - Free jet.

Case III - Horiiontal-beundéfi;s:

Case IV - Vertical boundaries.

Gése V - One horizontal boundary.
The author wishes %o acknowledge the assistance of
Professor Montgomery Enight who suggested the lnvestlga-
tlon and made helpful comments and criticisms, and Profee-

gor W. B. Johns to whom thanks are dus for his assistance
in the analysis of the corrections for Cases IV and V.

METHOD OF TEST

Force tests woere made with all five boundary arrange-
ments on a 3 by 18 inch airfoil model (span 6Q_percent .of -
tunnel width) at a Reynolds Number of 159 000. In addi-
tion, a 3 by 12 izdch model (span 40 percent of tunnel
width) was tested for Cases I and II to observe the effect
of span. The basic tunnel had a 2% foot square open Jjet
(fig. 3). Horizontal pitot-static surveys made with each
boundary set-up showed that the maximum variation in dy-
namic preseure was within 1 percent over the region occu~
pied by the wings.

The forces were measured by means of the wire-balance
system shown 4in figure 4., The 1lift was measured directly
on the large balance as the sgum 0f the forces 1n the two
vertical 1lift wires. The drag was applied to & horizontal
wire, running upstream along the center line of the tunnel,
from which the force was transmitted to the vertical wire
attached to the drag balance. The forces on the horizon-
tal and vertical wires were equalized by a 45° wirs at
their Jjuncture. Thres lateral wires to the right restrained
the cross-wind motion of the model, and a fourth skew vire
running downward  to the rear and toward the left was at-
tached to a counterwsight to hold all wires taut. The va-
rious boundaries were set up-by bolting plywood walls
around the Jjet as i1llustrated in figure 4, which shows the
clgsed-jet arrangenent. .
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The two ailrfoils, 3 by 18 inches and 3 by 12 inches,
were made from a single 30-inch blank of laminated mahog-
any, shaped to a Clark Y section with an initial tolerance
of #0.003 inch in profile._ After forming the profile,
this long airfoil was cut into $the tw o lengtns. The large
wing had a fairly unilform twist of O, » producing an er-
ror in the correction factor &p amounting to 0.041 at
Cr, = 0.1, ©but rapidly decreasing to 0.002 at Cy = O.6.

A twist of 0.3 in the smaller wing caused errors of 0,021
at O = 0.1 and 0.001 at _Cy = 0.6. However, these er-
rors had a negligible effect on the results since correc-
tion factors near zero 1lift were not included in the aver-
886,

As to precision of measurement, unusval care was 0b-
served in reading the balances, since the results depend-
ed on the accuracy of determining small differences be-
tween relatively large guantities. 1In order to reduce the
rossibility of errors due to the changing of sgtatic tare,
this reading was checked before and after each run. Fur-
thér accuracy was obtained by making two runs for each
set-up. The upward inclination of the air stream (¢ =
0.4°) was accounted for by making all tests in both the
normal and lnverted positions and averaging the results.

It was found that the dynamic tare of -the frame anéd
wires varied with thie angle of attack of the airfoil (fig-
urcs 5 and 8). This tare was determined by means of a
dummy wing in the same position relative to_the frame as
the real wing, but 1ndependent1y mounted., -The dunmny wing
was moved through the same angle-of-attack range ag the
test wing and the tare of the frame and wires was bhus ob-

tained.

The over-all error of the force measuremenis was in
no case greater than 2 percent and wost of the readings
were accurate to within 1 percent.



N.A.C.A. Technical Note No. 5086

RESULTS

The following equations were used in reducling the
test data to coefficient form:

L

C = =

L as

Dl

1 = 2

Cp gS
1 = -

The symbols used in presenting the results are as follows:

at,

a,

absolute Lift coefficient.

.absolute.drag coefficient with preliminary cor-

rections, not including Jjet-boundary seffect.

absolute drag coefficient corrected for Jjet-
boundary effect.

engle of attack, in degrees, measured from
zero lift. '

engle of attack measured from zero 1lift and
corrected for Jet-boundary effect.

geometric angle of attack measured with respect
to the chord line.

geometric angle of attack of smero 1lift.
measured 1ift.

measured drag with prellminary correctlons, not
including Jet~boundary effect.

mean dynamic pressure over span of model.

arsa of airfoil.
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Although the dynamic-pressure vaeriation in the region
occupied by the model was in all cases less than 1 percsent,
the mean walue was found by integrating dynamic pressure

" readings observed at intervals across the alrfoil span for

each jet type. The coefficients were calculated on the
basis of the mean value. These are preseanted in nondimen~-
sional form in tables I to VII and figures 7 and 8.

The average drag coefficients at zero lift wers found
to be 0.0239 and 0.0259 for aspect ratios 6 and 4 respec-
tively. The several drag curves were then adjusted so
that 2ll had the same nminimum drag coefficient correspond-
ing to the foregoing values for the resps8ctive aspect ra-
tios as shown in figure 7. The curves of 1ift against
angle of attack were similarly adjusted so that each would
pass through o =0 at O = 0, as shown in figure 8.
The effects of turbulence and blocking were nok congldered
in these tests.

The results given in this report are net quantities,
the tare of the frame and wires having been subtracted.

The next step was the application of the theoretical
Jet-boundary corrections. These are of the form:

Ao = § % 1 (in radians)
= § £ o ;%g (in degrees)

AGp = & %cf

where C 1is the crose-sectional areas of the Jet,
and 8 1s the correction faector from tadble VIII.

The drag curves first obtained after application of
the theoTetical correction factors showed Cases IV and V
to have large divergences from the other cases ag may be
gseen in figures 9 and 10. The test :lethod was checked,
but no possibilities for snch large errors could be fou“ié
The theory was studied again and analyzed with a view to .
accounting for these discrepancies. The sources of the
errors were discovered and eliminated as described later
in the discussion. The new factors Wwers aepplied to et
the correct drag and angle of attack values, which are

presented in tables I to VII and figures 9, 10, and 11.
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B . The drag for Case III diverged .slightly from the oth-
-ers, but no error 1in the theory could be found.' Thig mat-
ter is discussed later. o

. - The results of the test with one horlzontal boundary
above,the jet and the test with one horizontal boundary
below differ from the theoretical resnlts by approximately
the same amount but in opposite directions, maklng the av-
srage virtually correct. Thig average 18 consgidered to
represent Case V., (See fig. 10.). .
N Free-alr conditions were assumed.to be representod by
the average corrected resultes of Cases . I, II, IV, and V.
(See figs. 9 and 10.)

The experimental correction factora were then calcu~
lated from the equations: .

ACD

8p = § .2 - g .
c L -
8o = g—~&
@~ 5, X80
c vt
where 8p 1is the correction factor for drag

§g» . correction fac?or angle of attack

ACp, difference between free sir drag and
actual test drag at the same 1lif%
cocefficient

A, . difference between free-~alr angle of
attack and actual test angle of at-
tnck at the same 1ift coefficient

Both the theorsetical and exzperimental dragand anglo-
of-attack corroctions arée plotted agalnst 1ift coefficient
in figures 12 through 23. PFrom these figures the experi-
mental values of § for dreg and angle of attack were com-—
puted for several 1ift - coefficlents and listed in tabdles
IX to XV. The average drag a1d angle-of-attaclt factors
for each jet type were obtained from theae tables and are
recorded in tables XVI to XX. ’_
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As previouely mentioned, when the correction factors
were applied to the net force test data large discrepan-
cies were found for Cases IV and V. A thorough analysis .
of Theodorsen's derivations revealed that in Case IV an
effect of appreciable magnitude had been omitted and that
in Case V an arithmetical error was present.

e e

In Case IV of his report (reference 3) tne ‘1line on
page 7 beginning "the entirfe effect ......." should read:
the entire effect of all vertical rows of positive doub-
lets extending from x = mb %o infinity is thus reproscnt-
ed by the effect of a positive vortex row of strength
al - - .
L%L located at x = (p +“%) b, where p is the number
of the last doublet taken into account, and a negative
vortex row of the same strength at =x = infinity. Then in
table I of reference 3: R

ﬂ. .. . . 1 l .
8 = T (Z : > - 2 4 T coth (p + %)'ﬁ T
sinh® m 7 T 6/ =
should bYe e L
T ( T 1 - ) 1 ¢ I)h 1 o
= = r (X 4+ = .= =
8a 4 \1 Sinn® @ o | Z cot#«p-fg_ ﬁ; %_cFﬁ?f?
. b .
T 1 N 1 N -
B e <) + 7 coth(p +z)fr '~ 0.250
4 X gink® m o r "8/ 4 R ,

Correct values of §, obtained by subtracting 0.250 are
tgbulated in table XXI.

Since the series converves ranldly, the correction
factor ‘may also be found for various width~height ratios

5 1 from.

8 "'U"r(g. - 1 —-:l;\l - N
“ 4 1 ginh® m T T 6/ T o

Values of §; <computed from either of the above equa-

tions agree with the resnlts obtained by Von Xarman with
whom the writer has recently corresponded. Thesse results

i ~© ANALYSIS OF DATA v SRR
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for Case IV are given in table XXI. It would thus appear
that both Theodorsen'!s and Rosenheadl!s valvues for this
boundary condition are incorrect, particularly since the -wkwd
wind-tunnel tests agres with the corrscted thesoretical

values as shown in table XIX. Moresover, Glauert's later
general theorem must be called in guestion because it does
not hold for thils case.

In Case V there is an arithmetical error in transfer- _
ring from ) ) . . . - _ . _ e

: 2 :
Ve = DAL(J) [...:.L +"SS'J

L 2 1T

T r /%
65”42(?

This should be

T o {(~1)" cosh ?gl 1 .
s = 15 T\ ? ) iz
i ginh E%E

The corrected factors, which are one half the magnitude of
those 1n table I of reference 3, are given 1n tadble XXI

of this report. In this instance, the writer's results
are verified by both Von Karman and Rosdinhead.

Referring to figures 9 to 11, we flnd that the drag
and angle of attack corrected for jet-~boundary effect are
equal to free—-air drag and angle of attack *2 percent max-
imam, except in Case III, which is as much as 3 percent
too high. It has been mentioned earlier 1n this report
that Case III does not show close agreement between theo-
ry and experiment. Theory gives § = 0.000. but experi-
ment gives &p = - 0,021 and &y = - 0.069 (table XVIII).

It is interesting to note the general similarity im
the shape of (O against ACp and C; against Ao

curves for all cases (figes. 12 to 23). Divergence of the
experimental curves from those of the theory might possi-

bly be explained by the variable interferomnce effect of

the model-supporting frame upon the airfoil. -
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Tables XVI through XX show satisfactory agresment be-
twoon experimental and theoretical valucs of § with the
exception of Case III, as previously mentioned. The vari-

=m=gus theoretical corrsction factors for all five cases mod-
ifiod in accordance with the foregoing discussion are list-
ed in table XXI and are plotted against jet width-helght
ratio b/h, 4in figure 2. The incorrect curves of both
Theodorsen and Rosenhead are included in this figure in
the form of broken llnes.

CONCLUSIONS . o

On the basis of these tests the followilng conclusions
may be made:

fl, Theodorsen‘s analytical treatment of the image
systems,in determining theoretical jet-boundary correc-
tions for square tunnels is satisfactory for ratlos of
span %o0. tunnel width up to O. 60, the maximum used in these
tests. :

2, The tests showed that Theodorsen's corrections
for Cases IV and V were in error. The values determined
as a result of this investigation are for the_ square tun-
nel 8, = - 0.128 and &g = - 0.033¢+ —

3, After application of .the boundary-interference
factors, corrected in Cases IV and V, the 1ift agalnst
drag and 1ift against angle-of-attack curves are equiva-
lent to free-air conditions witkhin *2 percent, except in
Case III, which is 3 percent too largs. :

4, Theory gives 8z = 0.000, bﬁt experiment glves
8p = = 0.021 and 8g = — 0.069, -for Case Iil.

5, A single jet boundary above an airfoil does not
produce the same interference as a tonndary below. The

experimental average of the two conditlons, however,
agrees with the thsory.

Danipel Guggenkeim School of Aeronsutics,
Georgia School of Technology,
Atlanta, Ga., June 20, 1934,
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TABLE I. FORCE TEST
Case I -~ Cloeed tunnsel
Clark Y airfoil 3 by 18 inches
i 5 e .
¢, | cpt  YAop Cyp at *Aa, a
4 — - SR S
C ;j 0.0239 00,0000 0.0239 0 0 0
.094 | 0219 [ .0001 0220 1.05 04 1.09
.188 [ 0212 0003 0215 2.10 09 2.19
«375 0235 .0012 0247 4,25 17 4,42
«DB3 0316 0026 0342 6.45 2B .71
. 751 i 0441 0046 «0487. | 8.75 +~35 3.10
.938 | 0604 .0072 0676 11.156 44 11.59
1127 | .0817 0104 0921 13,78 « B3 14.28
1,221 % 0956 0121 . 1077 | 15.25 '57._- 15{?3
*Theoretical corrections.
TABLE II. FORCE TEST
Case I ~ Closed tunnel
Clark Y airfoll 3 by 12 inches
Cr cp' 1 *Aop op 7 at i *da o
0] 0.02b69 00,0000 0.02b69 0 _O _
« 141 0244 0001 <0245 1,956 .04 1.99
282 0265 0004 0269 2,85 .09 3.94
422 0329 ., 0010 0339 5.80 13 5.93
. 583 .0438 Q017 «0455 7.80 «18 7.98
« 704 .057¢9 0027 0606 9,85 e 2R 10.07
« 845 0752 0039 0791 11.95 .26 12.21
<888 .0959 .0053 <1012 14.10 «31L 14.41
1.127 «1218 | + 00868 .+ 187 16.35 Y] 16,70

*Theoretical corrections.
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TABLE III. FORCE TEST
Case II -~ Free Jet

Clark Y airfoil 3 by 18 inches

CL, Cp' *Acp o al | *Aa @

0 0.023¢9 0.0000 } 0.023¢9 0 o 0
.094 «0220 ~,0001 .0219 1.15 -.04 1,11
.188 »0217 -.0003 0214 2.25 -.09 2.16
« 375 0257 -.0011 0246 4,55 -a17 4,38
0563 00356 —-0026 00330 6.95 “".26 6069
. 751 0512 -.0046 .0466 9.40 -«35 9.05
«938 0733 -.0072 .06861 12.00 -e4d4d 11.56

1.127 «1015 -.0103 0913 14.75 ~-+53 14.22

l.221 «1185 -.0121 «1084 16.25 -+ 57 15.68

*Theoretical corrections.
'
TABLE IV, FORCE TEST
Case II - Free Jet

Clark ¥ airfoil 3 by 12 inches

CL GD' *ACD GD ol *Aa o8
0 0.,0259 0.0000 0.0259 0 0 o

« 141 .0248 -,0001 0247 2.00 -.04 1.96
«282 «02377 -.0004 L0273 4,08 -.09 3.96
. 422 0354 -.0010 .0344 6.10 -as13 5.97
« 563 «0468 -.001%7 20451 8.20 -.18 8,02
. 704 .0625 -.0027 .0598 10.30 -e22 10.08
« 845 .0827 -.0039 .0788 12.45 —e26 12.19
«986 « 1069 -.0053 «1016 14.65 —-+31 14.34

*Theoretical corrections.
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TABLE V. FORCE TEST
Case III ~ Horizontal boundaries
Clark Y airfoll 3 by 18 inchses
CL CD' *ACD ) CD a!l *Aa Q

0 0.0239 0.000 0.0239 0 0.00 0
094 0223 .000 0223 1.10 .00 1.10
.188 .0219 «000 .0219 2.20 .00 2.20
« 375 0253 .000 0253 4,50 +00 4,50
« D63 0338 . 000 .0338 6.85 .00 6.85
« 751 .0481L .000 0481 9.25 .00 .20
. 938 .0681 .000 .0681 11.85 .00 11.85

1.127 .0938 . 000 .0938 14,65 .00 14.85

1.221 « 1097 .000 . 1097 16.15 .00 16.158

*Theoretical corrsections.

TABLE VI. FORCE TEST
Case IV - Vertical boundaries
Clark Y airfoil 3 by 18 inches
' % { . *

0 0.0239 0.0000 0.0239 0 0 0]
094 0222 -.0001 0221 1.15 -.,04 l.11
« 378 0266 -.0010 .0256 4,60 ~-,16 4,44
«751 .0513 -.0042 0471 9.45 -.32 9.13
.938 Q0727 L ~5x00658 .0662 12.058 - 40 1l.65

1,127 .0997 -.0094 0903 | 14.90 -.48 14,42

1.221 «1162 -.0109 .1043 16.45 - 52 158,93

*Theoretical corrsctions.
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TABLE VII(a). FORCE TEST
Case V - Upper horizontal boundary
Clark Y a2irfoll 3 by 18 inches
CL CD‘ I *AGD CD ot *AOL a
0 0,023¢ 0.0000 0.0239 e} o] 0
188 0224 -.0001 .0223 2.20 ~-.,04 2.186
«375 0266 -.0005 0261 4,50 -.08 4,42
. 563 0362 -.0012 . 0350 6.85 -.12 6.73
.751 .0520 -.0021 .049¢% 9.25 -.16 g.d9
. 938 0717 -.,0033 0684 11,75 -.20 11.55
1,127 «.0968 -.0048 .0920 14,40 -4 i4.1l6
1.221 <1135 ~.00586 .1079 15,90 -.26 15,64
*Theoretical corrections.
TABLE VII(b). FORCE TEST
Case V - Lower horizontal boundary
Clark Y airfoil 3 by 18 inches
CL CD' *ACD CD o! - *AG [0 4
¢} 0.0239 0.0000 0.0239 o o] 0
0094 10221 -OOOO 00221 .1.15 —-02 1'13
«188 .0218 -.0001 0217 2.25 -.04 2.21
« 375 0251 -.00085 .0246 4,60 -.08 4,523
. 751 .0483 -.0021 L0462 9.35 -.16 .19
. 938 .0682 -.0033 0649 11.85 - .20 11.66
1.127 . 0942 - +0048 .08%4 14,60 - .24 14.36
1l.221 «1101 ~.0056 « 1045 18.15 -.26 15,89

*Theoretical corrections.
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TABLE VII{(c). FORCE TEST
Cagse V - One horizontal boundary
Average of tables VII(a) and VII(D)
Slark Y airfoil 3 by 18 lnches
T ] -
CL C'D| *AGD GD } ot *Ad: (04
0 0.023¢9 0.0000 0.0239 o] 0 o]
.188 © «0221 -.0001 0220 2,20 -.04 2,16
.375 .0259 -.00058 . 0254 4,55 -.08 4,47
. 563 0351 ~,0012 .0339 6.90 -.12 6.78
.938 0695 -.0033 0662 11.80 -.20 1l.60
1,127 .0956 -.0048 .0908 14.50 | —-.24 14.26
1.221 «1118 -.0056 . 1062 16.05 -.26 15,79
*Theoretlcal corrections.
TABLE VIII. THEORETICAL &
(Table I in reference 3)
r 8y 85 83 Sa Os
0 o o — » | -
125 ) 1.055 | «0.524 | ~0.524 | 1.0581 | ~-1.050
2B .523 -.262 -.262 .54 -.524
« 50 . 263 -,137 -.127 . 262 - 262
. 6258 213 -,122 -.089 .210 -.208
075 .175 —.120 _.056 '161 “0173
1.00 «138 -e13%7 .000 124 -.127
1.50 « 120 -,187 077 .054% -.056
2.00 « 137 -.282 126 | -,012 .000
4-00 .262 —0524 c262 ".276 1126
[e~3 (o] - OO (o] - OO [o+]
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TABLE IX. EXPERIMENTAL &

Case I -

Closed tunnel

506 18

Clarkz Y airfoil 3 by 18 inches

AcC Aa
613:_5_61'an b0 = § 5. 180

¢ "L C L_ 1T
Cy, ACy 8p P Aa | S

0.1 {0.0002) (0.336) 0.05 0.146
.2 { +0007) ( .293) .09 .132
.3 ( +0013) ( .243) .14 . 137
.4 .0016 .168 .20 .146
.5 .0019 .128 .26 .152
.6 .0023 .109 .30 .146
.7 .0031 .106 .34 .142
.8 .0043 .113 .38 .139
.9 .0058 121 W43 . 140

1.0 .0075 .1286 I .49 .143

1.1 .0093 .129 .54 144

1.2 .0108 .126 .56 .137

Average 125 l + 142

uantities in parentheses not averaged because of large
discrepancies.

Acp

from figure 12.

Aa from figure 19.
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TABLE X. EXPERIMENTAL §

Case I -

Closed tunnel

506

Clark Y airfoil 3 by 12 inches

19

5y = o2 §gq = —R%
D~ § o s 180
= 2 =20
¢ VL ¢ %L T
C, ACD SD Aa 5@
0.1 (0.0001) (0.252) (0.02) (0.088)
.2 ( .0003) ( .189) .06 132
o3 .0006 .168 11 161
.4 .0011 174 .14 .154
.5 .0014 .142 .18 .158
.6 .0016 .113 .21 .154
.7 .0022 L1114 .23 .l44
.8 .0032 .126 .24 .132
09 00044 .137 126 |127
1.0 0057 144 .27 .119
1.1 .0066 .138 .31 .120
Average « 140 » 140

Quantities in parentheses not averaged because of large

discrepancies.

\ACD

from figure 13.

Ao from figure 19,
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TABLE XI. EXPERIMENTAL §
Case 1II - Free Jet

Clark ¥ airfoll 3 by 18 inches

ACp Aa
SD ) 2 8“ = s . 180
= Cg, Oy, ===
o] C T
H t
Cr Acp &p Aot | 8¢q,
0.1 (0.0003) (0.593) (0.05) (0.142)
.2 .0004 . 168 ( .07) ( .103)
.3 .000%7 .131 ( .10) ( .097)
W4 .0012 126 ( .13) ( .095)
.5 .0019 .128 ( .18) ( .1086)
.6 .0026 121 .23 112
W7 .0033 «113 .27 L1153
.8 .0044 L1186 .32 117
.9 .0060 .125 .38 124
1.0 .0082 .138 43 .126
1,1 .0101 . 140 .45 .120
1.2 .011%7 .137 .45 .110
Averags - <132 . ~.117

Quantities in parentheses not averaged because of large
discrepancies. ACp from figure 14. Aa from figure 20.
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TABLE XII.

Teachnical Y¥ote No.

EXPERIMENTAL §

Case II - Pree Jjet

506 21

Clark Y airfoil 3 by 12 inches

AC Ao
ép = § Sa = 5 180
g Cr ¢ %L =g
C1, Acp 8p Ac 8¢
0.1 (0.0001) (0.252) (0.04) (0.1786)
.2 ( .0003) ( .189) .07 . 154
.3 ( .o000%) ( .197) .08 117
.4 ( .0012) ( .190) .14 .154
.5 0014 .142 ( .19) ( .1867)
.6 .0016 .113 .20 .146
.7 .0023 .119 .22 .138
.8 0033 . 130 .24 .132
.9 .0045 L1421 .26 L1327
1.0 .0057 .144 .28 .123
1.1 .0066 .138 .31 .124
Average -«131 - 4137

Quantlties in parentheses not averaged because of largs

discrepancies.

ACD

from figure 15,

A from figure 20.
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TABLE XIII. EXPERIMENTAL §
Case II1 - Horizontal boundaries

Clark Y airfoil 3 by 18 inches

5 ACD 5 Ac
D~ 5 .2 @~ 5 . 180
c CL C L ny
Cr, ACp 6p Ao S
0.1 (0.0002) (0.336) (0.00) (0.000)
.2 ( .0001) ( .084) ( .02) ( .029)
.3 .0001 .019 .05 .043
.4 .0002 .042 .08 JOR9
.5 .0002 .013 .10 L0773
.6 .0001 .005 .11 .054
o7 .0002 .007 .13 .054
.8 .0005 013 .16 .059
-9 .OOlO 0021 022 -072
1.0 .0015 .025 .30 .088
1.1 .0021 .029 | .35 .093
1.2 .0028 .033 34 .083
Average -.,021 - ,06¢

Quantities in parentheses not averaged bacause of large
discrepancies. ACp from figure 16. Ao from figure 21.
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TABLE XIV. EXPERIMENTAL §
Case IV - Vertical bouvndaries

Clark Y airfoil 3 by 18 inches

AGD Ag
p = §7 3 8 = §7. 180
S 4.3 = C
c “L ¢ "L g
O, Acp 87 A 8¢q
0.1 (0.0001) (0.168) (0.05) (0.147)
o2 ( .0007) ( .293) ( .12) ( .178)
.3 ( .0012) ( .224) .14 137
A ( .001s ( .1868) .18 132
.5 .0020 134 .23 .135
.6 .0024 .112 .28 .137
.7 .0030 .103 .23 .134
.8 0041 .108 .36 .132
.9 .0054 . .112 .42 . 137
1.0 .0087 .113 . 50 . 147
1.1 .0086 111 .58 .155
1.2 ( .0085) { .099) . 61 .149
Average I =4113 ~,139
— i

Quantitlies in parentheses not averaged because of large
discrepancies. ACp from figure 17. Aa from figure 22,
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TABLE XV. EXPERIMBENTAL §
Case V -~ One horizontal boundary
Clark Y airfoil 3 by 18 inches
éCD Aa
80 = 5. 2 Sa = § 5. 180
¢ L g "L Tx
CL ACD 5]3 Ao 80’.
0.1 (0,0002) (0.336) (0.04) (0.217)
.2 ( .0003) ( .128) ( .086) ( .088)
«3 0005 .093 {( .05) ( .049)
o4 .0009 .095 ( .04) ( .029)
.5 .0012 .081 ( .07) ( .041)
«B .0016 .075 .09 044
7 .0021 075 «11 Q046
.8 .0026 .068 « 15 055
.2 .0030 062 .18 .059
1.0 .0033 .065 23 «067
1.1 .0038 - 053 « 27 .072
1,2 .0048 056 .28 068
Average - 07 -.059

Quantities in parentheses not averaged becauwse of large

discrepancies, ACp from figure 18. Aa from figure 23.
TABLE XVI. CORRECTION FACTORS
Case I - Square closed tunnsl

3 by 12 inch airfoil 3 by 18 inch airfoll

81 8¢ 8p Sa
Theoretical 0.138 0.138 0.138 0.128
Experimental « 140 « 140 «125 142
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TABLE XVII.

CORRECTION FACTORS

Case II - Sguare open Jjet
3 by 12 inch airfoil 3 by 18 inch airfoil
8p 8¢ 8p q
Theorsetical -0,137 -0,137 -0,137 -0.137
Experimental -.131 ~-.137 -.132 -+117

TABLE XVIII.

CORRECTION TACTORS

Case ITI -~ Square Jjet with horizontal boundaries

3 by 18 inch airfoil

8p 8q
Theoretical 0.000 0,000
Experimental -.021 -.,069

TABLE XIX.

CORRECTION FACTORS

Case IV = Square jet with vertical boundaries

% by 18 inch airfoil

6p

1)

Sa,

Theoretical
Experimental

"'0113

—0.126
-4+139

TABLE XX.

CORRECTION FACTORS

Case V - Square jet with one horizontal boundary

3 by 18 inch ailrfoill

+

8p I 8q
Theoretical ~0.063 | ~0.063 —
Experimental -.071 ! ~-,0589




(Fith 84 and 8§z of table I, reference 3,

N.A.C.A. Technical Note No.

TABLE XXI.

506 26

THEORBETICAL §

corrected)

P
8, =-% r(Z~°°Sh _mr ¢+ )+ i 1 closed tunnel
¢ M1 gink nmr 1 4 ginh(p + F)vr
o -1 n
82 = E‘r(z ( al——- - éDfree Jjet
4 1 sinh” amr
™ (m (-1)® coegh nmr 1 \ .
= — T + —— ) horizontal boundaries
& 4 \E sink® nfrr 12 /
NS S — i>+}-coth( + 1) mr - 0.25
4 (1 ginh® anr ) 4 P )
vertical boundaries
o o (=1)" cosh ZIZ
= — (X + ——) one horizontal boundar
% = 16 <1 sinn® BIE 12 v
T &y P 8a 8e 8s
O o - o -} (o] - OO
.125 1.055 -0.524 ~0.524 0.801 -0.525
.250 .523 -.262 -.262 .274 -.362
« B0 . 263 -, 137 -,.127 012 -.131
.3858 .213 -. 122 -,08¢9 -.040 -.104
75 17D -,130 -.,0566 - —,089 -.084
1.00 .138 -.137 .000 ~-.126 -.062
1l.50 . 120 -.197 077 -.196 -.028
2000 -137 "-262 5126 "'.262 -OOO
4.00 -262 "‘1524 .262 "‘1526 -063
© o - oo - o
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Figs.1,2
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Figurel.
-5 Case 1 Closed tunnel. Case II Free jet.
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Figure 2- Tunnel~wall correction, &
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oo

Figure 3.-The 2%/3ft. open jet wind -tunnel
of Technology.

Figure 4.-The 2 '/2ft. closed wind tunnel of the Georg
of Technology.
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Absolute 1ifi coefficient
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Figure 7.- Lift - drag polars uncorré:;ced for jet -~boundary eifect.
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Absolute drag coefficient, Cp

Figure 9.-Lift —drag polars corrected for jet-boundary effect.
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1.2

1.1

®

Absolute lift coefficient, G

Fig. 8

a Case I Closed tunnel

+ O

g Case W Jet with vertical

v Case

» Il Free jet

* M Jetwith horizontal

boundaries

boundaries

V Jet with upper hori
zontal boundary

an Case V Jet with lower hori-

zontal boundary

A.

R.=6-/~

)4

Vi
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N
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4 6 8

10
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14

Angle of attack from zero 1ift, degrees, o'

Figure 8.- Lift against angle of attack
uncorrected for jet -bound-

ary effect.
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for jet-boundary efiect.
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